Methods. Spinach leaves (150 g) were finely minced with a razor blade and added to 250 ml 0 C homogenizing medium (0.5 M sucrose, 50 mM Tris-HCl, 1 mm EDTA, pH 7.5). The mixture was homogenized in a Waring Blendor with three 2-s bursts. The homogenate was filtered through four layers of cheesecloth. The filtrate was centrifuged at 250g for 2 min and the pellet was discarded. The 250g supernatant was used for the preparation of centrifugal pellets. The isolation of subcellular organelles by differential centrifugation was as described previously (10). The l,OOOg pellet, the 3,000g pellet, and the 20,000g pellet were each suspended in 8 ml 0 C, 0.5 M sucrose in 95 mm Tris-HCl + 1 mM EDTA (pH 7.5), whereas the 88,000g pellet was suspended in 4 ml sucrose-Tris-EDTA solution. Preparation of an acetone powder from the 20,000g pellet was by essentially the same method previously described (10). In some cases, acetone extraction temperatures were 0 C, instead of -15 C; this method tends to give better extraction of lipids.
micromolar.
Digitonin (0.6 millimolar) stopped steryl glycoside biosynthesis but permitted the conversion of steryl glycoside to acylated steryl glycoside, thus eliminating the possibility that acylated steryl glycoside is formed from sterol + an acyl-glucose donor.
The biosynthesis of SG2 and ASG has been studied in several laboratories. Different effects of cofactors have been reported for these reactions. Kauss (12) found no effect of Zn2 , Mg2", and Co2" at 2 mm, whereas Lavintman and Cardini (13) reported 2-to 3-fold stimulation of incorporation of glucose from UDP-glucose by 10 mM Mn2+ or Mg2+. Axelos and Peaud-Lenoel (1) found the acylation of SG to be inhibited by 5 mM Mg2l, stimulated 20 to 30%o by I mm ATP, and unaffected by CoA either in the presence or absence of ATP. Eichenberger and Grob (6), Bush and Grunwald (5), Hou et al. (11) and Wojciechowski (22) all found stimulation of glycolipid biosynthesis by ATP. Fang and Baisted (7) tested the effects of metal ions in the presence of ATP. At 1.3 mM, Mg2' and Mn2' had little effect, whereas Ca2+ was slightly stimulatory. Varying ATP concentration showed slight stimulation at 0.5 mM but complete inhibition at 4 mm. Baisted (2) has reported stimulation of ASG synthesis by acyl-CoA, but the effect of ATP, CoA, and fatty acid was inhibitory. We decided to examine the effects of the above cofactors and acyl-CoA on biosynthesis of SG and ASG in spinach leaf enzyme preparations.
Time-course measurements have indicated that SG is the precursor of ASG (16) . Results obtained in vivo, however, suggest that glucose is acylated before transfer to the sterol (5). During our study of inhibitors of steryl glycoside biosynthesis, we felt that complex formation between endogenous sterol and digitonin would block SG synthesis: if an acylated glucose was an intermediate, ASG synthesis would be blocked simultaneously, but not if SG were an intermediate. We therefore tested these possibilities. ' To whom correspondence should be addressed. Methods. Spinach leaves (150 g) were finely minced with a razor blade and added to 250 ml 0 C homogenizing medium (0.5 M sucrose, 50 mM Tris-HCl, 1 mm EDTA, pH 7.5). The mixture was homogenized in a Waring Blendor with three 2-s bursts. The homogenate was filtered through four layers of cheesecloth. The filtrate was centrifuged at 250g for 2 min and the pellet was discarded. The 250g supernatant was used for the preparation of centrifugal pellets. The isolation of subcellular organelles by differential centrifugation was as described previously (10) . The l,OOOg pellet, the 3,000g pellet, and the 20,000g pellet were each suspended in 8 ml 0 C, 0.5 M sucrose in 95 mm Tris-HCl + 1 mM EDTA (pH 7.5), whereas the 88,000g pellet was suspended in 4 ml sucrose-Tris-EDTA solution. Preparation of an acetone powder from the 20,000g pellet was by essentially the same method previously described (10) . In some cases, acetone extraction temperatures were 0 C, instead of -15 C; this method tends to give better extraction of lipids.
For enzyme assays, 100 mg of acetone powder were suspended in 4 ml of 0 C, 0.1 M Tris-HCl (pH 7.5) and homogenized to uniformity with a Potter-Elvehjem homogenizer. Sterols or fatty acids were added to the dry acetone powder in acetone at room temperature, and the organic solvent was removed under vacuum at room temperature before suspending in buffer.
Reaction Mixtures. The standard reaction mixture contained 0.1 M Tris-HCl (pH 7.5), 0.2 mm UDP-glucose (320,000 dpm UDP-[UL-'4Clglucose), enzyme (3 mg protein), and water to make a final volume of 1 ml. The reactions were initiated by the addition of enzyme, and the incubations were for various times at 30 C. The reactions were terminated by the addition of 3 ml methanolchloroform (2:1, v/v). The reaction mixtures then were extracted according to the method of Bligh and Dyer (3) .
Individual lipids in the chloroform phase were separated and analyzed by Silica Gel G TLC, using chloroform-methanol-acetic acid-water (85:15:3:2, v/v) as the solvent system. The radioactive areas were located by autoradiography. The radioactive areas then were scraped into scintillation vials, 10 ml liquid scintillation fluid (10 g of PPO + 0.6 g of POPOP + 2 liters of toluene) were added to each vial, and the radioactivity of the samples was counted for 10 min in a liquid scintillation counter. Quenching was corrected by the channel ratio method.
Analytical Methods. Protein was determined by the method of Lowry et al. ( 15) . The tests used for the detection and identification of specific lipids on TLC plates were Lieberman-Burchard test for steroids (17) and aniline-diphenylamine reagent for sugars (18) . aqueous H2SO4, followed by charring at 180 C and 1% (w/v) iodine in methanol.
RESULTS
Subcellular Fractions. The centrifuged fractions prepared from the spinach leaf homogenate all contained some ability to synthesize steryl glycosides from UDP-glucose. In a typical experiment, the 20,000g pellet contained 41% of the units of enzyme activity for SG biosynthesis and ASG biosynthesis (87% of the incorporated label was in SG and 9% in ASG) and the highest specific activity. The most active fraction (20,000g pellet) was heterogeneous, containing mostly microsomes but also mitochondria and other unidentified membranous structures. The low activities of pellets rich in chloroplasts, mitochondria, and ribosomes (which contained 11, 26, and 14% of the total activity, respectively), seem to exclude these organelles as the major site of steryl glycoside biosynthesis. There are reports that SG biosynthesis is localized in the Golgi apparatus (4, 14) .
Acyl-CoA. From the data shown in Table I (Table III) . Baisted (2) has reported stimulation of SG biosynthesis by Ca2+ and strong inhibition by EGTA.
The results in Table I suggested that inhibition was caused by a thioester generated in the reaction mixture. ATP is required for enzymic formation of acyl-CoA rather than GTP. The data in Table II demonstrate that palmitoyl-CoA at 0.2 mm was a potent inhibitor of steryl glycoside biosynthesis. Inhibition by palmitoylCoA was proportional to concentration (Table IV) , and all products were inhibited. The inhibition can be prevented at least partially by BSA (Table IV) .
When acetone powders were prepared from the 20,000g particulate fraction, lipids were extracted from the protein. To demonstrate synthesis of steryl glycosides, it was necessary to add sterol to the acetone powder. Lipid extraction also removed sources of fatty acids and so the addition of ATP, CoA, and Mg2' did not result in pronounced inhibition (Table V) . If both sterol and palmitate were added to the reaction. mixture, then the further addition of ATP, CoA, and Mg2' resulted in marked inhibition which could be partially prevented by BSA (Table V) .
The effect of palmitoyl-CoA concentration on the inhibition of steryl glycoside biosynthesis is shown in Figure 1 . Concentrations used in previous experiments were 0.2 mm, but it is demonstrated here that 50%o inhibition of SG biosynthesis is caused by 40 iM palmitoyl-CoA. It is not clear that palmitoyl-CoA itself is the inhibitor. "C-labeled palmitoyl-CoA was added to the reaction mixtures and after 30 min it was completely converted to other products including free palmitate and phospholipids. Neither CoA nor palmitate alone is the inhibitor because neither compound inhibited SG biosynthesis at a concentration of 0.2 mm when added individually to the reaction mixture.
Digitonin. The data in Figure 2 show the inhibition of steryl glycoside biosynthesis by digitonin. After the addition of digitonin the synthesis of ASG was not inhibited 100%7b as would be expected if it were produced from free sterol and an acyl-glucose precursor. The exact reciprocal relationship between declining SG and increasing ASG endorses the precursor product relationship proposed on the basis of kinetic data (13) . The effect of digitonin was specific for steryl glycoside biosynthesis. After 130 min, MGDG synthesis was inhibited only 7% and DGDG synthesis was inhibited only 14%.
DISCUSSION
Although the effects of metal ions, nucleotides, and CoA on steryl glycoside biosynthesis have been tested previously, they have only once before been tested in the combinations which generate acyl-CoA (2). The resulting inhibition can be attributed Taketa and Pogell (20) examined enzyme inhibition by acylCoA and concluded that this is mainly a detergent effect. However, the inhibitions ofacetyl-CoA carboxylase and fatty acid synthetase by acyl-CoA have now been shown to be effective methods of controlling fatty acid biosynthesis (19, 21) . These effects of palmitoyl-CoA are probably of physiological importance (19, 21) . The inhibition we have observed takes place at low concentrations of palmitoyl-CoA (similar to those which inhibit fatty acid synthesis). However, the inhibition does not appear to be very specific since galactolipids were also affected. In some cases the synthesis of the steryl glycosides appears to be more susceptible than that of galactolipids (Table V) , and SG synthesis is more inhibited than ASG synthesis. Detergent effects would not necessarily be expected to cause inhibition; in the experiments of Forsee et al. (8) , a mixed micelle system containing detergent gave maximal synthesis of steryl glycoside. The stimulation of SG synthesis we have observed when palmitate plus sitosterol were added to the acetone powder, as compared to sitosterol alone, may have been due to a favorable presentation of sitosterol in a mixed micelle (Table V) . Since it is not known what concentrations of acyl-CoA may be found in plant cells, we cannot say whether the inhibition is of physiological relevance.
The effects of digitonin are as expected if SG is the direct precursor of ASG. This is consistent with previous data obtained in vitro. It is still possible that other pathways exist in vivo as suggested by Bush and Grunwald (5).
LITERATURE CITED
